The overarching goal of the current investigation was to examine the connections of anterior parietal area 2 and the medial portion of posterior parietal area 5 in macaque monkeys; two areas that are part of a network involved reaching and grasping in primates. We injected neuroanatomical tracers into specified locations in each field and directly related labeled cells to histologically identified cortical field boundaries. Labeled cells were counted so that the relative density of projections to areas 2 and 5 from other cortical fields could be determined. Projections to area 2 were restricted and were predominantly from other somatosensory areas of the anterior parietal cortex (areas 1, 3b, and 3a), the second somatosensory area (S2), and from medial and lateral portions of area 5 (5M and 5L respectively). On the other hand, area 5M had very broadly distributed projections from a number of cortical areas including anterior parietal areas, from primary motor cortex (M1), premotor cortex (PM), the supplementary motor area (SMA), cortex on the medial wall, and from posterior parietal areas 5L and 7b. The more restricted pattern of connections of area 2 indicates that it processes somatic inputs locally and provides proprioceptive information to area 5M.
cortical fields defined architectonically (e.g., PE/5D) and functionally (e.g., MIP; (Colby & Duhamel, 1991 , 1996 Klam & Graf, 2006) , see (Seelke et al., 2012) for review). Unlike the complete body maps found in anterior parietal fields (3a, 3b, 1, and 2), 5L and 5M are dominated by the forelimb and hand representation, and the maps are fractured or discontinuous, much like the organization of motor cortex (Cooke, Padberg, Zahner, & Krubitzer, 2012; Gould, Cusick, Pons, & Kaas, 1986; Schieber, 2001 ).
Since the seminal electrophysiological recording studies in awake behaving monkeys of Vernon Mountcastle (Mountcastle, Lynch, Georgopoulos, Sakata, & Acuna, 1975) , posterior parietal cortex has been implicated in reaching and grasping. Single unit recording studies in the Commonly used architectonic subdivisions of parietal cortex include those of Seltzer and Pandya ((Seltzer & Pandya, 1986) ; (a) and Lewis and Van Essen ((Lewis & Van Essen, 2000) ; (b). We make comparisons to connections reported by Bakola and colleagues ((Bakola et al., 2013) ; (c). Opened sulci are shaded light gray with the fundi indicated by thick, dashed, darker-gray lines. Closed sulci are shown as solid, dark gray lines. Black lines depict areal borders. Thin black lines in (d), are functional borders of individual body part representations. Forelimb representations are shaded light blue. Gray shading on inset brain in (d) shows the approximate location of cortex depicted. A number of studies have defined cortical areas in parietal, motor and posterior parietal cortex using electrophysiological or intracortical microstimulation techniques and related their results to cortical architecture. While anterior parietal and lateral sulcus fields have a somatotopic organization, posterior parietal fields have a fractured topography, much like motor and premotor cortex. In addition, with few exceptions, area 5L contains only representations of deep receptors of the hand, forelimb and shoulder. Area 5M is dominated by these representations as well, but does have a relatively small amount of space devoted to representation of the lower extremities and face (Seelke et al., 2012) . Neurons in the inferior parietal lobule (7b or PF 1 PFG) are organized by motor acts or action goals. In the present investigation, we combine functional mapping with architecture to define the location of our injection sites as well as the location of retrogradely labeled cells. These maps of different cortical areas defined in previous studies allow us to accurately infer the body part representations in which the labeled neurons were found. Much of this figure is redrawn from (Seelke et al., 2012) . Primary data for these maps comes from (Godschalk, Mitz, van Duin, & van der Burg, 1995; Krubitzer et al., 1995; Krubitzer et al., 2004; Nelissen & Vanduffel, 2011; Nelson et al., 1980; Pons et al., 1985; Rozzi et al., 2008; Seelke et al., 2012) . See Table 1 for abbreviations Area 3b, primary somatosensory area, S1 5D
Area 5, dorsal division; Figure Parietal area E, anterior (not part of Seltzer and Pandya's (Seltzer and Pandya, 1986 ) PE); Figure 1A 
PEc
Parietal area E, caudal (not part of Seltzer and Pandya's (Seltzer and Pandya, 1986 ) PE); Figure 1A 
PEip
Parietal area E, intraparietal from Bakola et al. (Bakola et al., 2013) ; Figure 1C 
PF
Parietal area F; overlaps 7b; Figure 1A ,D PFG Parietal area FG; (transitional area between PF and PG) from Seltzer and Pandya (Seltzer and Pandya, 1986) ; may straddle 7a/7b border; Figure 1A, lateral portion of area 5 indicate that neurons fire maximally during a reaching task before the target object is contacted by the hand (Gardner, Babu, Ghosh, Sherwood, & Chen, 2007; Gardner, Babu, Reitzen, et al., 2007) , and modulate their activity depending on how and when the hand is used in a grasp (Chen, Reitzen, Kohlenstein, & Gardner, 2009 ). For medial portions of area 5, including MIP, it appears that multiple frames of reference (e.g., body-centered, eye-centered) share a common coordinate system in that neurons in this region are heterogeneously tuned to multiple types of sensory inputs (e.g., (McGuire & Sabes, 2009 ). Such modality-independent representations compute the position of the hand/body and the object to be acquired, depending on the available sensory input, to plan and execute precise movements.
Area 2 is an anterior parietal field just rostral to area 5 and contains neurons responsive to cutaneous stimulation and stimulation of proprioceptors (Hyvarinen & Poranen, 1978a,b; Iwamura, Tanaka, Sakamoto, & Hikosaka, 1993; Pons, Garraghty, Cusick, & Kaas, 1985) .
Recent studies indicate that neurons in area 2 respond to both passive and active movement of the arm (London & Miller, 2013) and that it is involved in distinguishing internally generated movements from movements due to execution errors; thus, providing proprioceptive feedback for movement correction. In addition, neurons in area 2 are tuned for curved shapes (Yau, Connor, & Hsiao, 2013) indicating that area 2 is involved in stereognosis or haptic shape perception (see Delhaye, 2017; Yau et al., 2013) .
Recent work in our laboratory in macaque monkeys also supports the possibility that area 2 and portions of area 5 may be directly involved in motor control of the hands, since intracortical microstimulation evokes movements of the hand and digits from these areas (Baldwin, Cooke, Goldring, & Krubitzer, 2017) . The goal of the current study was to examine the overall pattern of cortical connections of areas 5M and 2 to determine the extent to which each is connected with somatosensory, posterior parietal areas and motor cortex, and the underlying anatomical substrate for their potential roles in planning and providing feedback for reaching and grasping movements.
| M E TH ODS
One adult bonnet macaque monkey (Macaca radiata; Monkey C) and four adult rhesus macaque monkeys (Macaca mulatta) were used to study the cortical connections of posterior parietal area 5M and anterior parietal area 2 ( At the start of each experiment, animals were anesthetized with an intramuscular (IM) injection of ketamine hydrochloride (20-35 mg/ kg) and then intubated and cannulated. Anesthesia was then maintained with 1.5-2% isoflurane. Animals were also administered atropine (0.4 mg/kg, IM). All surgeries were performed under standard sterile conditions and antibiotics were administered postoperatively to prevent infection. Once anesthetized, topical lidocaine (2%) was applied to the external ear canals and the animals were placed in a stereotaxic frame. The skin was cut, the temporal muscle retracted, and a craniotomy was made over parietal and posterior parietal cortex. The dura was cut and retracted to expose anterior parietal cortex and the IPS, and a digital image of the exposed neocortex was taken so that injection sites and electrode tracks could be marked relative to the vasculature. Throughout the procedure, respiration rate, heart rate, temperature, blood oxygenation and expired pCO 2 were continuously monitored. In addition, to maintain hydration, a lactated Ringer's solution was administered intravenously (6-10 ml/kg/h).
Five of the injections were made under electrophysiological guidance. Extracellular recordings were made from depths corresponding to layer 4, using tungsten microelectrodes designed to record extracellularly from single units and clusters of neurons (FHC, Inc., Bowdoin, ME;
"no zap," or A-M Systems, Sequim, WA; 1-5 MX) lowered with a hydraulic microdrive (David Kopf Instruments, Tujunga, CA). At each recording site, neural responses to somatosensory stimulation (consisting of light taps, displacement of hairs, brushing of skin, hard taps and manipulation of muscles and joints) were tested using a handheld probe. Neural activity was monitored through a loudspeaker and viewed on a computer monitor during the experiment. Electrode penetrations were marked on high resolution digital images of the brain.
The goal was to identify receptive fields for neurons at the center of the injection site. In cases in which injections sites were determined under electrophysiological guidance, injections were in representations of the hand and/or distal forelimb.
Once receptive fields for neurons at a recording/injection site were identified, a Hamilton syringe was used to inject anatomical 
| Histological processing of tissue
Following a 9-to 14-day recovery period, the animals were given a lethal dose of sodium pentobarbital and perfused through the heart with phosphate buffered saline followed by 2% paraformaldehyde in buffered saline and 2% or 4% paraformaldehyde with 10% sucrose.
The brain was removed and the cortex separated from the thalamus.
The cortex was blocked and flattened as described previously (Seelke et al., 2012; Stepniewska, Fang, & Kaas, 2005) , held between two glass slides, and stored overnight in 30% sucrose at 38C. The cortex was cut parallel to the surface at a thickness of 40 or 50 lm on a freezing microtome. Depending on the tracers used, alternate sections were mounted unstained for fluorescence microscopy, processed to reveal CTB (Bruce & Grofova, 1992) , processed for myelin (Gallyas, 1979) or for cytochrome oxidase (CO (Wong-Riley, 1979) ).
The flattening technique has been used in macaque monkeys by our own (e.g., (Gharbawie, Stepniewska, Qi, & Kaas, 2011) ) and other laboratories (e.g., (Sincich, Jocson, & Horton, 2010) ) to examine the areal patterns of cortical connections. While laminar information (and distribution of labeled cells across layers) is largely lost in tangential sections, the entire pattern of connections can be appreciated in our final reconstructions. Cortical field boundaries are generated from an entire series of sections so that accurate designation of cortical field boundaries is possible. were segregated according the architectonic boundaries such that the cell markers of each cortical field were placed in separate sublayers. All of the cell markers for a given cortical field were then selected and counted using the Illustrator software. Cell counts for each cortical field were divided by the total number of labeled cells within the hemisphere (Table 3) . In this way, data across cases with varying injection sizes were normalized and could be compared. Only those labeled cells outside of the injection halo were included in this quantification.
| Data analysis
Counts of all such labeled cells in each cortical field/region for each case can be found Table 3 .
| R E SU LTS
Here we describe the ipsilateral corticocortical projections to areas 2 and 5M. In one case (Monkey D) we missed our target area (5M) and injected 5L. Because we have only one injection in one animal in area 5L, we illustrate this injection, but only briefly describe these results.
Two injections were made in area 2 in two different animals, and 4
injections were made in area 5M in four animals (see Table 2 ). Two animals had injections in more than one field: Monkey A, in areas 2 and 5M, and Monkey D in areas 5M and 5L. In the following results, we first describe the architectonic boundaries of a number of fields in anterior parietal, posterior parietal, lateral sulcus and frontal cortex. This is followed by descriptions of connections of areas 2 and 5M.
| Architecture of the neocortex
Cortex was flattened, sectioned tangential to the pial surface and stained for myelin. Since individual sections do not contain all of the boundaries of all of the fields of interest, the entire series of sections was used to determine the architectonic boundaries. Here we briefly describe the cortical areas injected with anatomical tracers and the fields in which retrogradely labeled neurons were located, since the appearance of most of these fields has been previously described by our own and other laboratories for the macaque monkey (Krubitzer, FIGURE 3 Light field images of flattened cortex cut tangentially to the pial surface and stained for myelin. The location of these panels is color coded on the schematic flattened cortex at bottom. (a) Area 3b is distinguished by its dark myelination with major body part representations separated by myelin-light zones (arrows mark the hand/ face border, bottom, and individual digit representations, top). Area 1 is immediately adjacent and stains lightly for myelin. (b) The primary motor area (M1) is darkly myelinated and flanked rostral and caudally by more lightly myelinated fields (areas PM and 3a respectively. (c) Area 5L is a moderately to darkly myelinated wedge of cortex that resides almost completely on the rostral bank of the IPS, just lateral to area 5M, while area 5M is a darkly myelinated oval of cortex located partly on the dorsolateral surface of the cortex, just caudal to the PCS and partly on the rostral bank of the IPS, just medial to area 5L. Due to an uneven flattening of the sulcal crown compared to areas on sulcal walls and the adjacent dorsolateral cortex, the sulcal lip often stains lightly, giving the erroneous impression of a cortical field boundary. (Regardless of the plane of section used, discontinuities here may have contributed to previous divisions of area 5/PE at the medial lip of the IPS ( (Bakola et al., 2013) ; Figure 1a-c; (Lewis & Van Essen, 2000; Seltzer & Pandya, 1986) Quantification of labeled neurons in cortical fields following injections in Areas 2, 5M, and 5L Huffman, Disbrow, & Recanzone, 2004; Nelson, Sur, Felleman, & Kaas, 1980; Padberg et al., 2010; Rothemund, Qi, Collins, & Kaas, 2002; Seelke et al., 2012) .
Some areas are particularly distinct in this type of tissue preparation. For example, the primary somatosensory area (S1 or area 3b) is a thin, L-shaped field located along the entire caudal bank of the central sulcus (CS), and sometimes wrapping onto the postcentral gyrus. Area 3b stains very darkly for myelin, and in favorable preparations, individual body part representations are separated by myelin-light zones, giving the field a heterogeneous appearance. This is particularly true for the hand/face border (Figure 3a) . Moving caudally, area 1 is distinguished from area 3b by its light to moderate myelination, while area 2 is more darkly myelinated. Immediately adjacent to the caudal boundary of area 2 are two distinct fields that have been defined both functionally and architectonically. One is area 5M, which abuts the medial half of area 2. This field is a moderately myelinated oval of cortex that resides partly on the dorsolateral surface of cortex, just caudal to the postcentral sulcus (PCS), and partly on the anterior bank of the IPS (Figure 3c) . The second field on the caudal border of area 2 is area 5L, which adjoins the lateral border of 5M. It is a wedge-shaped field that is somewhat more densely myelinated than area 5M (Figure 3c ).
Rostral to area 3b, there are several distinct fields. Immediately adjacent to the rostral border of area 3b is area 3a, a moderately myelinated field that resides mostly on the rostral bank of the CS (Figure 3b) . As reported previously, however, the position of fields in the CS can vary, so that in some individuals, area 3a straddles the fundus, while in others it is completely restricted to the rostral bank (Krubitzer et al., 2004) ; examples of both configurations are illustrated in our figures . Just rostral to area 3a is the densely myelinated primary motor cortex (M1) followed by the moderately myelinated premotor cortex (PM; Figure 3b ). PM has been subdivided into functional and structural subdivisions (e.g., PMd and PMv; Matelli, Luppino, & Rizzolati, 1985; Preuss, Stepniewska, & Kaas, 1996) but these are not distinct in our preparations. Areas PM, M1, 3a, 3b, 1, and 2 form long mediolateral strips that run parallel to the CS. Medial to M1 and PM, the moderately myelinated SMA resides partially on the dorsolateral surface of the neocortex and then wraps onto the medial wall.
Finally, there are several fields in or near the lateral sulcus that have been defined both functionally and architectonically (Disbrow, Litinas, Recanzone, Padberg, & Krubitzer, 2003; Krubitzer, Clarey, Tweedale, Elston, & Calford, 1995) . Most notable are areas S2 and PV.
S2 is a moderately myelinated field that abuts the lateral border of both areas 1 and 3b. Rostral to this is the lightly myelinated PV, which also adjoins the lateral border of area 3b. Caudal to S2 and lateral to area 2 is the lightly myelinated area 7b. 7b has been subdivided into several functional and architectonic subdivisions Rozzi et al., 2006; Rozzi, Ferrari, Bonini, Rizzolatti, & Fogassi, 2008) , but these are not distinct in our preparations
Most of the labeled cells found in area 7b were in the rostral portion of this field, which corresponds to area PF and possibly portions of PFG as described by Seltzer and Pandya (Seltzer & Pandya, 1986) 
| Cortical connections of area 2
Area 2 was injected in two monkeys. In Monkey A, a DY injection was placed in the representation of the glabrous hand (Figure 4 ; see Table 2 for details on tracers and body part representation injected). In Monkey B, the receptive field of neurons in the location of the injection of FR was not determined ( Figure 5 ). Overall patterns of connectivity from these two cases were similar, but there was some variability in the density of connections from different fields. This may have been due to differences in the representation that was injected in each case. In both cases, the densest projections were intrinsic, from labeled cells surrounding the injection location in area 2 (Figure 6 ; mean across 2 cases 5 38.7% of total label in hemisphere; see Table 3 for complete cell counts for all cases and injections). Dense projections were also observed from somatosensory areas 1 (17.7%) and 3b (12.9%) in the expected location of the hand representation (Figure 1 ). In one case, moderate projections from homotopic locations were observed from area 3a (7.6% in Monkey A; Projections were observed from middle portions of the second somatosensory area (11.6%; S2; Figures 4-6) in the approximate location of the hand representation in this field (Figure 1d ), but the density of labeling varied. In both cases, light projections were also observed from VS (0.4%) and 7b (1.6%). Finally, two posterior parietal areas projected to area 2. The first was the lateral portion of area 5 (area 5L).
Projections were moderate in both cases (7.6%); in one case, projections were mostly clustered along the anterior medial portion of 5L
( Figure 4 ) and in the other case they were scattered along the mediolateral extent of the field. Since area 5L has a fractured and variable somatotopy and only contains representations of the digits, hand and forelimb, it was not possible to estimate if projections were from homotopic representations. Area 5M also projected to area 2. In one case these projections were moderate (Figure 4 ) and in the second case, projections were sparse ( Figure 5 ).
| Cortical connections of 5M
The ipsilateral cortical connections of area 5M were examined in 4 cases (Figures 7-9 ; Monkey E, not shown). In all cases, injections were centered in the representation of the hand and/or forelimb (Figures 7-9 ) or in the expected location of this representation (Monkey E); in three of these cases the injection site was restricted to area 5M (Figures 7 and 9; Monkey E, not shown) and in one case the injection spread slightly into area 2 (Figure 8 ; see Table 2 for details on tracers injected and body part representation injected). In two animals, CTB was injected into area 5M (Figures 7 and 8) , and in two animals FE was injected into area 5M (Figure 9 ; Monkey E, not shown). The patterns and density of labeling were remarkably similar for all cases ( Figure 6 ; also see Table 3 ).
F7-F9
Intrinsic projections were extremely dense for all cases (mean across 4 cases 5 39.0% of total label in hemisphere) as were projections from 5L and area 2. Labeled cells in area 5L (14.9%) were located in the medial-most portion of the field in 3 cases (Figures 7-9 ) and were scattered throughout 5L in the other case, Monkey E (not shown).
Although the density of labeled cells in area 2 was moderate to high in All injections also resulted in moderate to dense projections from cortex immediately medial to area 5M (5.6%). This region may partially overlap with portions of PRR described by other laboratories (e.g., Scherberger et al., 2003; Snyder, Batista, & Andersen, 1997  however, PRR likely contains multiple fields and has not been architectonically described. Thus, here we refer to this as the medial parietal region.
In all cases, moderate to sparse clusters of labeled neurons projecting to 5M were observed in areas 1 (4.0%), 3b (2.4%), and 3a (1.5%) at a mediolateral level similar to that observed in area 2 (Figures 6-10 ). It should be noted that the density of labeled cells in these anterior parietal areas was greatly reduced compared to those resulting from injec- was also injected in this case, and the pattern of connections was distinct from area 5M (Figures 6-9) . Notably, the proportion of inputs from somatosensory areas was greater, with areas 1, 3b, and 3a
together comprising over 40% of the labeled inputs to 5L. These data should be interpreted cautiously, as only one area 5L injection case was examined, however, relative to area 5M, area 5L receives fewer inputs from area 2 and medial areas.
| D ISC USSION
The current study demonstrates that areas 5M and 2 have distinct corticocortical connections (Figures 6 and 10a) . Area 2 has a restricted pattern of extrinsic connections and is most densely connected with other somatosensory fields. Area 5M, which may partially overlap with functionally defined MIP (e.g., Colby & Duhamel, 1991; Klam & Graf, 2006; McGuire & Sabes, 2011) , has a very broadly distributed pattern of projections from motor, premotor, posterior parietal and somatosensory fields (mostly from area 2). In the following discussion, we compare our results with those from other studies in macaque monkeys and with other primates.
| Connections of areas 2 and 5 in old world and new world monkeys
An early study of area 2 limited analyses to connections with anterior parietal fields and motor cortex, and most often injections were not restricted to area 2 (Jones, Coulter, & Hendry, 1978) . Unlike the current study, no connections were observed with area 3b, limited and inconsistent connections were observed with area 3a, and in only one case were strong connections observed with areas 5 and motor cortex.
A subsequent study also examined connections of area 2 with parietal cortex and areas in the lateral sulcus . Although it is difficult to infer density of label from that study, the patterns of
Percentages of labeled cells observed in somatosensory, motor and posterior parietal areas following injections placed in area 2 (pink; mean of two cases), area 5M (blue; mean of four cases), and area 5L (orange; one case). Black dots are values from individual cases. Most projections to area 2 are from somatosensory areas, while area 5M has dense projections from other posterior parietal fields and moderate projections from motor areas. Cell counts for these cases are in Table 3 . Error bars are standard deviation
connections were like those observed in the present investigation, including projections to area 2 from anterior parietal fields, motor cortex, PPC and S2/7b. For the Pons and Kaas ) study,
we counted the cells so we could better compare the density of label in the different fields with our own study ( Figure 10 ; Table 4 ) and found that projection patterns and density were similar, except for the intrinsic connections which were not shown in the Pons and Kaas study. Finally, a recent investigation examined the full patterns of corticocortical connections of area 2 in macaque monkeys (Gharbawie, Stepniewska, Qi, et al., 2011) . As in the present investigation, connections were predominantly with anterior parietal areas, areas of the lateral sulcus, and area 5.
Connections of PPC in the location of Brodmann's area 5 have been examined in a few studies in macaque monkeys, but there are
An injection of cholera toxin B subunit (CTB) in the representation of the glabrous pads of the hand in area 5M of Monkey C. Connections of area 5M differ from area 2 in several ways. In addition to dense intrinsic connections, moderate to dense projections from areas 5L, area 2, and motor cortex are observed. Less dense connections are observed with areas 3b and 1, cortex medial to area 5M ("medial parietal"), and cortex on the medial wall. Connections with 7b, premotor cortex and SMA are much denser than those observed after area 2 injections. Further, labeled cell bodies are observed on the medial wall, around the cingulate sulcus. See Figure 6 for mean percentages of labeled cells in each area. Labeled cells are marked with small blue dots. Other conventions as in previous figures several issues associated with each study that make direct comparisons with the present study difficult. The first is that in all but one study (Bakola, Passarelli, Gamberini, Fattori, & Galletti, 2013) , the cortex was blocked and analysis was limited to a restricted region of the neocortex (Jones et al., 1978; . The second issue is that area 5
(also termed PE) was defined as a single very large field encompassing the entire length of the rostral bank of the IPS and/or much of the dorsal cortex adjoining the IPS (e.g., (Bakola et al., 2013; Jones et al., 1978; . Recent functional studies indicate that Brodmann's area 5 is actually composed of two distinct divisions, area 5M and area 5L (Seelke et al, 2012) , and single unit studies in awake behaving monkeys indicate that neural response properties differ along the FIG URE 8 An injection of CTB centered in the representation of the palm of area 5M in Monkey A. This injection extended into the intraparietal sulcus, the lip of which is indicated with a thin, dotted gray line where it crosses the injection site. This injection spread slightly into area 2, but the overall pattern of connections is nearly identical to those observed for the area 5M injection illustrated in Figure 7 . The densest labeling is intrinsic to area 5M, 5L and area 2. Moderate labeling is observed in area 1, S2, M1, and 7b. Moderate to sparse label is observed in 3a, 3b, VS, SMA, PM, medial parietal cortex, and cortex on the medial wall around the cingulate sulcus. Other conventions as in previous figures PADBERG ET AL.
| 13 mediolateral extent of traditionally defined area 5 (see below). Finally, in some earlier studies, when connections were studied via degeneration resulting from lesions in and around area 5/PE, the results were shown only as they related to sulcal patterns, making parcellation of connections into specific cortical fields hard to evaluate (e.g., Pandya & Seltzer, 1982) .
In order to better compare previous studies with our own, we reanalyzed data from some of these previous studies based on the FIG URE 9 An injection of Fluoro-emerald centered in the representation of hand/forearm of area 5M and an injection of Fluoro-ruby centered in the representation of the hand in area 5L. The overall pattern and density of connections in area 5M is similar to that described for the cases in Figures 7 and 8 (also see plots in Figure 6 ). Connections of area 5L are quite different. First, the density of labeled cells in anterior parietal cortex is much higher than for injections in area 5M. Second, little or no labeling is observed in medial parietal, S2 or cortex on the medial wall. Finally, while connections are observed with M1 and PM, the cells are restricted to a limited portion of these fields, while for injections in 5M, connections are more broadly distributed. Conventions as in previous figures relative position of the injection site along the rostral bank of the IPS and the PCS ( Figure 10) ; medial versus lateral. We considered the connections of medial and lateral portions of area 5/PE separately and found that the data from injections located medially are consistent with our results on connections of area 5M. Injections in a medial location within area 5 resulted in dense intrinsic connectivity, connections with the S2 region, portions of area 7, and motor cortex (Jones et al., 1978; . Only limited connections were observed with anterior parietal fields. This pattern is consistent with area 5M
connections observed in this study. Bakola and colleagues (Bakola et al., 2013) injected neuroanatomical tracers along a large mediolateral extent of area PE, which appears to include portions of functionally and architectonically defined areas 5M, 5L and 2 (compare Figure 1a with Figure 1d ; also see (Pons et al., 1985; Seelke et al., 2012) . With some exceptions, injections in medial PE (Figure 10b Patterns of connectivity have been described for PPC in New
World monkeys and prosimian galagos, but functional data suggest that the status of homology with divisions of area 5 in Old World macaque monkeys is uncertain. As in area 5L, defined with electrophysiological recording techniques, in macaque monkeys (Seelke et al., 2012) , area 5 in New World titi monkeys contains only representations of the forelimb, hand and digits, and the map is fractured (Padberg, Disbrow, & Krubitzer, 2005) . In cebus monkeys a clear area 2 and area 5 have been identified. Like area 5M in macaque monkeys, area 5 in cebus monkeys is dominated by the representation of the hand and forelimb with only a very small portion devoted to the trunk and hindlimb. In owl monkeys, squirrel monkeys , titi monkeys (Baldwin MKL, 2017) and galagos (Stepniewska, Cerkevich, Fang, & Kaas, 2009) , cortex in the region of area 5 has been termed PPC and contains movement domains associated with ethologically relevant behaviors when explored using intracortical microstimulation. Defensive forelimb and face domains have been revealed in the parietal lobe of macaque monkeys, but specifically in VIP (Cooke, Taylor, Moore, & Graziano, 2003) ; eye movements have been evoked in LIP (Thier & Andersen, 1998) ; and grasp movements have been evoked in area 2 and area 5 (Gharbawie, Stepniewska, Qi, et al., 2011; Rathelot, FIG URE 1 0.
FIGUR E 10
Comparison of connectional data in macaques from the present study (a), (Bakola et al., 2013; .
(b).
Schematic of ipsilateral cortical projections to areas 2, 5M (medial PE) and 5L (lateral PE). Line thickness represents mean normalized connection strengths across cases. To more clearly portray the range of connections strengths we observed, line thickness / mean (labeled cells in a field/total labeled cells in hemisphere) 0.5 minus a constant. Thickness of lines encircling injected fields 5M, 5L, and 2 represents the strength of intrinsic connections-label found outside of the tracer injection halo but within the same cortical field. One exception is the black circle around area 2 in (b), which reflects the fact that intrinsic connection data were not displayed in Pons and Kaas, 1986 . Connections that account for less than 2% of labeled cells are not depicted. Data from Table 1 in Bakola and colleagues (Bakola et al., 2013) do not consider label intrinsic to PE, therefore line thicknesses representing connections from both medial and lateral PE in (b) derive from a combination of quantitative data and visual estimates of label density in different parts of PE. We re-interpreted the Bakola et al., study such that 5M is assumed to overlap medial PE, MIP and dMIP; 5L is assumed to overlap lateral PE and PEip. Medial PE injections (e.g., case 1 in (Bakola et al., 2013) ) revealed a connection pattern consistent with our injections in area 5M. Lateral PE injections (e.g., case 2 in (Bakola et al., 2013) ) revealed connections consistent with an injection mostly in area 5L. Data from Pons and Kaas, 
| Function/connection relationships in macaque monkeys
While there are differences in the proposed function of portions of architectonically defined area 5, most studies implicate the medial portion of the IPS in translating and combining multiple frames of reference (gaze centered, body centered, head centered) into a common coordinate system or integrated plan for reaching toward a target in immediate extrapersonal space (Buneo et al., 2002) . Studies of MIP/ area 5M indicate that neurons here may also integrate information about the motor relevance of external sensory cues, and use efference copy to distinguish self-generated movements from externally-caused passive movements to limit reflexive responses to expected sensory inputs resulting from voluntary movements (Kalaska, 1996; Klam & Graf, 2006) . Recently, studies demonstrate that in medial area 5 and MIP, multiple frames of reference may actually be mapped onto a common coordinate system (McGuire & Sabes, 2011) , and these maps utilize sensory inputs available to plan movements. The lateral portion
of the IPS appears to be involved in the kinematics of reaching, coordinating multiple limb parts for reaching and grasping actions, and matching object properties, such as size and shape, with hand configurations.
Area 2 is thought to provide proprioceptive feedback necessary for movement correction (London & Miller, 2013) and is also involved in haptic shape perception (Yau et al., 2013; Yau, Kim, Thakur, & Bensmaia, 2016 ).
Area 5M is characterized by heavy intrinsic connectivity, perhaps allowing for the selection of a large number of possible movements through activation of a specific combination of internal connections.
Strong connections from areas 2 and 5L provide proprioceptive and kinematic information to 5M/MIP, and MIP has been demonstrated to receive additional input about eye position and velocity from the brainstem via the central lateral and ventral lateral nuclei of the thalamus (Prevosto, Graf, & Ugolini, 2009) . Additional input about eye position (Wang, Zhang, Cohen, & Goldberg, 2007; Xu, Wang, Peck, & Goldberg, 2011) comes from area 3a. In addition, area 5M/MIP receives motor and premotor inputs (current study; (Matelli, Govoni, Galletti, Kutz, & Luppino, 1998) ) which may include efference copy postulated to play a role in MIP functions.
The dominant somatosensory inputs to the lateral portion of PE (5L) would allow this area to integrate information about touch and texture (areas 3b and 1), arm and hand posture (areas 3a and 2), predicted movements and postures (efference copy from M1, PM and SMA) and reach planning activity (5M). Together, this information about current and predicted arm and hand posture (from area 2) could be used by this area in its proposed role in the kinematics of reaching, coordinating multiple limb parts for reaching and grasping actions, and integrating proprioceptive and tactile feedback to adjust or correct hand posture when an object is contacted at the end of a reach (Chen et al., 2009 ). Finally, projections from areas 3a to area 2 provide information about the current state of muscle contraction, and projections Pons and Kaas, 1986 Area 2 injections Location of cells from areas 3b and 1 provide the tactile information necessary for shape perception. Inputs to area 2 from motor cortex provide information about online volitional movements necessary for distinguishing selfmovement from execution errors.
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The authors have declared that no competing interests exist. Table 2 in ); similar to Figure 11b , representation of intrinsic label is based on visual estimates of label density. For other panels, line thickness is based on visual estimates of label density (b, Figure 7 in (Stepniewska et al., 2009 ); (c) Figures 10F and 11A in (Padberg et al., 2005) ; (d) Figure 8B -E in (Burman et al., 2008) ). Injection sites in PPC of the squirrel monkey (a) and galago (b) were characterized by movements (reach, grasp) evoked by intracortical microstimulation. Injection sites in presumptive area 5 of the titi monkey (c) were in the somatosensory hand representation. Injections in far medial PE of the marmoset (d) are located adjacent to the midline, perhaps further medial than any homolog to 5M or 5L. Connectional data provide an uncertain picture of PPC homology across New World monkeys, prosimian primates, and Old-World macaques. Some of the patterns of connections are similar to those of macaque areas 5L and 5M. This is especially true for injections that were placed at least a few millimeters from the caudal border of area 1 in New World monkeys , and in the more rostral part of PPC in galagos (Stepniewska et al., 2009) 
